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Abstract
In the standard model (SM), the Cabibbo-Kobayashi-Maskawa (CKM) matrix is
the only origin of flavor violations (FVs). On the other hand, in general, there are a lot
of sources of the FVs in a physics beyond the SM, through the diagonalizing matrices
which make Yukawa matrices diagonal. Although most of the diagonalizing matrices
are unknown ones, grand unified theories (GUTs) can fix these matrices. In particular,
if we consider a GUT model based on the SO(10) group, these diagonalizing matrices
are strongly related to each other because of the matter unification. However, this
unification causes the problem on the realization of measured SM fermion masses and
mixing angles. Up to now, many people showed that supersymmetric (SUSY) thresh-
old corrections can solve this problem, especially unfavorable fermion mass relations.
In this paper, we show that how these SUSY threshold corrections affect unknown di-
agonalizing matrices. Since these contributions are also related to the FVs induced by
SUSY particles, we can estimate the maximal effect to the diagonalizing matrices. We
found that the (1, 3) and (3, 1) elements of diagonalizing matrices for quarks can be as
large as the corresponding mixing angle of the CKM matrix. Moreover, we found that
the higher SUSY scale can predict the larger mixing angles, although strong cancella-
tion between the Higgs mass parameters is needed to realize the electroweak symmetry
breaking.
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1 Introduction
Observing Higgs boson [1] establishes the standard model (SM) completely. However, some
topics such as non-zero neutrino masses and existence of the dark matter are not explained
in the SM, and then, many physics beyond the SM (bSMs) are established to explain these
topics. So far, many experiments have tried to find the signals of the new physics and they
reported the results about upper and/or lower limits or observed values for some observables.
We can now test the bSMs by using these limits and observables.
One of the most important tools to test the bSMs is flavor phenomena. Flavor observ-
ables can probe effects of new particles with masses far above the energy scale of current
collider experiments. In the SM, the only origin of flavor violations (FVs) is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [2] which is defined by a product of the mixing matrices
of left-handed quarks. Small mixing angles of the CKM matrix cause small FVs for the SM
predictions, and therefore, flavor observables show us clear signal of the bSMs.
In general, there are additional origins of the FVs in the bSMs. Especially, the diago-
nalizing matrices play a crucial role among these origins. Well-known examples are super-
symmetric (SUSY) models. In these models, FVs can be induced by mediating the SUSY
particles. To predict flavor observables via contributions from SUSY particles, mass inser-
tion parameters (MIPs) in a super-CKM basis [3] are often used. The super-CKM basis is a
basis in which the rotations for obtaining diagonal Yukawa matrices are applied to sfermions
as well as the SM fermions. Because of this rotation, MIPs include information of the corre-
sponding diagonalizing matrices. However, most of the diagonalizing matrices are unknown
ones because what we know about these matrices from the experiments is only the CKM
matrix ∗.
One of the possibilities to know the information of these unknown diagonalizing matrices
is considering the model with grand unifications. In grand unified theories (GUTs), the
three gauge interactions in the SM are unified into a single one, and moreover, the particles
in the SM are unified into fewer multiplets [4]. The latter unification reduces degrees of
freedom of the diagonalizing matrices. In the GUTs, new particles are predicted, and they
also induce FVs through unknown diagonalizing matrices. Although these contributions are
negligible for most processes because new particles which induce FVs have masses around
the GUT scale, proton decays have a sensitivity for these contributions. Recently, the Super-
Kamiokande Collaboration reported some events which can be candidates for proton decay,
and these include a candidate for FV decay of the proton such as p → piµ decay mode [5].
It has been confirmed that in some models, this FV decay of the proton can be comparable
to main decay mode of the proton [6].
In the minimal SO(10) GUT models [7] †, all quarks and leptons are unified into only one
∗Although the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix is also the experimental observable,
we focus only on the correction to the CKM matrix in this paper. This is because the corrections considered
in this paper are expected to be small, and then, such small corrections are irrelevant for the PMNS matrix
which has large mixing angles.
†In this paper, we define the models in which only 16-dimensional representation is used for quarks and
leptons as minimal SO(10) GUT models. In addition, we use only one 10-dimensional representation for
two Higgses in SUSY models.
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multiplet 16 for one family. Because of this unification, all diagonalizing matrices become
the CKM-like matrix to realize the CKM matrix except for a light neutrino mixing matrix.
Note that the mixing angles of the light neutrino mixing matrix can be large because of new
degrees of freedom from seesaw mechanism [8, 9]. However because of the unification, it is
not easy to realize measured quark and lepton masses and mixings. One useful correction
to solve this problem is a SUSY threshold correction [3, 10].
These SUSY threshold corrections mainly come from the soft SUSY-breaking trilinear
couplings Aψ (A-terms) and the Higgsino mass parameter µ, and are especially used to
realize measured quark and lepton masses [11]. It is known that off-diagonal parts of the A-
terms contribute to the CKM matrix [12]. This means that the SUSY threshold corrections
also contribute to the diagonalizing matrices. Therefore, it is important to estimate the
contributions from the SUSY threshold correction to the diagonalizing matrices. It is notable
that large off-diagonal parts of fermion mass matrices which generate large diagonalizing
matrices come from large off-diagonal parts of the A-terms through the SUSY threshold
corrections. However, these off-diagonal parts are strongly constrained by flavor phenomena
like SUSY flavor-changing neutral currents (FCNCs) ‡. Furthermore, these also cause the
negative mass squared for sfermions through the renormalization group equation (RGE)
effects. Therefore in this paper, we discuss how large diagonalizing matrices are allowed
under these constraints.
This paper is organized as follow. In Sec. 2, we show the notation used in this paper. We
give the method of our calculation in Sec. 3, and our main results are shown in Sec. 4. The
conclusion is in Sec. 5. In addition, we show the detail of the SUSY threshold corrections in
Appendix A. We also summarize the relevant constraints to our calculation in Appendix B.
The discussion about the maximal SUSY threshold correction which satisfy the constraints
are shown in Appendix C.
2 Notation
In this section, we summarize our notation in this paper. The superpotential for the Yukawa
interactions and µ term in the interaction basis is
W = ab
[
(Yu)ijQ
a
L iU
c
R jH
b
u − (Yd)ijQaL iDcR jHbd − (Ye)ijLaL iEcR jHbd
]
+ abµH
a
uH
b
d, (1)
where QL, LL, U
c
R, D
c
R, E
c
R, Hu, and Hd are superfields of the left-handed quark doublet, left-
handed lepton doublet, right-handed up-type quark, right-handed down-type quark, right-
handed charged-lepton, up-type Higgs doublet, and down-type Higgs doublet, respectively.
In this paper, we use the capital letters for superfields and the small letters for the corre-
sponding SM components. Here, Yu, Yd, and Ye are the up-type quark, down-type quark, and
charged lepton Yukawa matrices, a, b = 1, 2 are weak isospin indices, i, j = 1, 2, 3 are gen-
eration indices, and 12 ≡ +1 is an antisymmetric tensor. To obtain fermion masses, neutral
components of CP-even Higgses develop vacuum expectation values (VEVs) 〈h0u(d)〉 ≡ vu(d)
‡The effects of these chirally enhanced corrections on FCNC processes have been studied, for example in
Ref. [13].
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whose ratio is defined as tan β ≡ vu/vd. The mass basis of fermions are obtained by diago-
nalizing Yukawa matrices as
ψL i(Yψ)ijψ
c
R j = (L
†
ψψL)i(L
T
ψYψRψ)ij(R
†
ψψ
c
R)j = (Yˆψ)iiψ
′
L iψ
′c
R i, (2)
where ψ and ψ′ indicate the SM fermion in the interaction basis and mass basis, Lψ and
Rψ are diagonalizing matrices for the left-handed and right-handed fermion, and (Yˆψ)ii is
the Yukawa coupling of i-th generation fermion ψ. The same rotations are applied to the
corresponding sfermions because of the SUSY, and this basis is called the super-CKM basis.
In this paper, Xˆ refers to the parameter of X in the super-CKM basis. We calculate mixing
angles for the diagonalizing matrices, defined as
LTψ ≡
 cψL12 −sψL12 0sψL∗12 cψL12 0
0 0 1
 cψL13 0 −sψL130 1 0
sψL∗13 0 c
ψL
13
1 0 00 cψL23 −sψL23
0 sψL∗23 c
ψL
23
 , (3)
Rψ ≡
1 0 00 cψR23 sψR23
0 −sψR∗23 cψR23
 cψR13 0 sψR130 1 0
−sψR∗13 0 cψR13
 cψR12 sψR12 0−sψR∗12 cψR12 0
0 0 1
 , (4)
where s
ψL/R
ij ≡ sin θψL/Rij e−iχ
ψL/R
ij , and c
ψL/R
ij ≡ cos θψL/Rij §.
To calculate the SUSY threshold corrections, we use following soft-breaking parameters
in a Lagrangian Lsoft,
Lsoft = −1
2
(
M1b˜b˜+M2w˜w˜ +M3g˜g˜
)
− abBµhauhad + h.c.
−ab
[
(Au)ij q˜
a
L iu˜
∗
Rjh
b
u − (Ad)ij q˜aL id˜∗Rjhbd − (Ae)ij l˜aL ie˜∗Rjhbd
]
+ h.c.
−m2huh†uhu −m2hdh†dhd − (m2q˜)ij q˜†L iq˜L j − (m2l˜ )ij l˜†L il˜L j
−(m2u˜)iju˜∗R iu˜Rj − (m2d˜)ij d˜∗R id˜Rj − (m2e˜)ij e˜∗R ie˜Rj (5)
where Mi (i = 1, 2, 3) are gaugino masses, and ψ˜ is the SUSY partner for the corresponding
SM particle ψ. Moreover, we define following 6×6 sfermion mass squared matrices as
Lmass = −Mˆ2ψ˜ ijψ˜†i ψ˜j, ψ˜ =
(
ψ˜L 1 ψ˜L 2 ψ˜L 3 ψ˜R 1 ψ˜R 2 ψ˜R 3
)T
, (6)
where
Mˆ2u˜ =
(
mˆ2q˜ + v
2
uYˆuYˆu vuAˆ
∗
u − µvdYˆu
vuAˆ
T
u − µ∗vdYˆu mˆ2u˜ + v2uYˆuYˆu
)
≡
(
∆uLL ∆
u
LR
∆uRL ∆
u
RR
)
, (7)
Mˆ2
d˜
=
(
V †CKMmˆ
2
q˜VCKM + v
2
dYˆdYˆd vdAˆ
∗
d − µvuYˆd
vdAˆ
T
d − µ∗vuYˆd mˆ2d˜ + v2dYˆdYˆd
)
≡
(
∆dLL ∆
d
LR
∆dRL ∆
d
RR
)
, (8)
§For simplicity, we do not consider CP phases χψL/Rij in this paper.
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Mˆ2e˜ =
(
mˆ2
l˜
+ v2dYˆeYˆe vdAˆ
∗
e − µvuYˆe
vdAˆ
T
e − µ∗vuYˆe mˆ2e˜ + v2dYˆeYˆe
)
≡
(
∆eLL ∆
e
LR
∆eRL ∆
e
RR
)
. (9)
The sfermion mass squared matrix Mˆ2
ψ˜ ij
is diagonalized by a unitary matrix Uψ˜ as
Mˆ2
ψ˜,diag
= Uψ˜Mˆ
2
ψ˜
U †
ψ˜
. (10)
The SUSY threshold corrections are induced by chirality-flipping self-energies. In Ref. [14],
the details of the calculation for these corrections are shown in a decoupling limit MSUSY  v
where MSUSY and v are the SUSY scale and the VEV of the SM Higgs. We also apply to
this decoupling limit in this paper. In the Appendix A, we summarize the SUSY threshold
corrections in our notation.
The SUSY threshold corrections affect on the diagonalizing matrices if chirality-flipping
self-energies have off-diagonal parts which come from the off-diagonal parts of A-terms and
sfermion mass squared matrices. The size of these off-diagonal parts are important to obtain
the large SUSY threshold corrections. However, these off-diagonal parts are also related to
the SUSY FCNCs, and therefore, these sizes are constrained from the experimental mea-
surements. Moreover, large off-diagonal parts of A-terms make the sfermion squared mass
negative and cause the a charge and color breaking (CCB) [15]. In the Appendix B, we
summarize the SUSY FCNC and CCB constraints, used in this paper.
3 Method of the calculation
From the following, we explain the calculation of the diagonalizing matrices with the SUSY
threshold corrections. To calculate the diagonalizing matrices, we have to set the input pa-
rameters at the GUT scale. In our model, these parameters are the unified gauge coupling
gGUT, unified Yukawa matrix YGUT, unified gaugino mass M1/2, the scale of A-terms A0,
universal sfermion mass m216, Higgs mass parameter m
2
10, and Higgs mass difference ∆m
2
h
which is needed to realize the electroweak symmetry breaking (EWSB). Note that for sim-
plicity and for reducing the parameters, we assume ∆m2h ∼M2SUSY. We discuss the Yukawa
unification at the beginning ¶ since we can fix part of the input parameters from it.
3.1 SUSY threshold correction for realizing Yukawa unification
The SUSY threshold correction plays an important role for realizing the Yukawa unification
in the SUSY SO(10) GUT models. When we consider this Yukawa unification, we can fix
the unified gauge coupling gGUT and (3,3) component of unified Yukawa matrix (YGUT)33.
The latter one is obtained by setting the values of the SUSY threshold corrections and tan β
appropriately. Note that some of the other parameters can be fixed by the other assumptions,
as we explain later.
¶In this paper, we only discuss the Yukawa unification for third generation fermions. For the first and
second generations fermions, the observed fermion masses can be achieved by non-renormalizable interactions
[16] due to the smallness of couplings compared with those of third generation fermions.
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ms/((mu +md)/2) 27.3
+0.7
−1.3 me 0.5109989461(31) MeV
md 4.67
+0.48
−0.17 MeV mµ 105.6583745(24) MeV
ms 93
+11
−5 MeV mτ 1776.86±0.12 MeV
mc 1.27± 0.02 GeV MZ 91.1876(21) GeV
mb(mb) 4.180
+0.04
−0.03 GeV MW 80.379(12) GeV
mt(direct detection) 173.0±0.4 GeV GF 1.1663787(6)×10−5 GeV−2
sin2 θW 0.23122(4) αs(MZ) 0.1181(11)
α 1/137.036
Table 1. The input parameters in our analysis. All values come from Ref. [17].
First of all, we find the required SUSY threshold correction and tan β for realizing the
Yukawa unification. In this calculation, we start from the central values of the experimental
measurements summarized in Table 1. There are three scales which are relevant to our
calculation: MZ , MSUSY, and the GUT scale MGUT. First, we calculate the parameters
at the MZ scale from the input parameters in Table 1. For calculating the running quark
masses, we use the Mathematica package RunDec [18], while for the running lepton masses,
we translate the lepton pole masses to running masses at the MZ scale, following Ref. [19].
Next, we derive the couplings at the SUSY scale from those at the MZ scale, using the SM
RGE at the two-loop level [20, 21] ‖. At the SUSY scale, we translate the MS scheme into
the DR scheme according to Ref. [25]. After applying the matching condition by using the
tan β, we add the SUSY threshold corrections as
yt(MSUSY) =
1
sin β
y
(0)
t (MSUSY) + ∆yt(MSUSY),
yb(MSUSY) =
1
cos β
y
(0)
b (MSUSY) + ∆yb(MSUSY), (11)
yτ (MSUSY) =
1
cos β
y(0)τ (MSUSY) + ∆yτ (MSUSY),
where ∆yψ shows the SUSY threshold correction for the fermion ψ. However in this section,
we only consider ∆yb because this contribution is dominant over the other ones. Here
(0)
means parameters below the SUSY scale, namely, SM parameters. Finally, we derive the
couplings at the GUT scale from those at the SUSY scale, using the minimal SUSY SM
(MSSM) RGE at the two-loop level [26]. Note that in our calculation, MGUT and gGUT are
defined as
g1(MGUT) = g2(MGUT) ≡ gGUT, (12)
where g1 is the GUT normalized gauge coupling for the U(1)Y , and g2 is the gauge coupling
for the SU(2)L. By means of this procedure, we can obtain the required value of ∆yb and
tan β for realizing the Yukawa unification: yt = yb = yτ .
‖ In some points, Ref. [20] is inconsistent with Ref. [21]. In this paper we use the RGE in Ref. [21] which
is consistent with Ref. [22, 23]. Our calculation results at the SUSY scale are consistent with Ref. [24] which
provides the SM Yukawa couplings around TeV scale in the MS scheme and in the DR schemes.
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Figure 1. Dependence of the required SUSY threshold correction ∆yb and tanβ for realizing the
SO(10) Yukawa unification on MSUSY. The blue line and axis show the result for the required
SUSY threshold correction, and the red ones show the result for the tanβ.
In Fig. 1, we show the dependence of ∆yb and tan β onMSUSY. The blue line and axis show
the required SUSY threshold correction, and the red ones show the tan β. From this figure,
importance of large tan β is clear which has been already discussed in Ref. [27]. Interestingly,
it is shown that a maximal SUSY threshold correction is larger than the required one because
of the large µ contribution when the SUSY scale is below 100 TeV. In Appendix C, we discuss
this issue by considering the CCB and EWSB constraints. Note that the SUSY threshold
correction for the diagonal part is dominated by the contributions from µ parameter in the
case of large tan β. Therefore in this paper, the µ parameter is fixed to realize the required
SUSY threshold correction, and we use a maximal A-term to maximize the effect to the
diagonalizing matrices.
3.2 SUSY threshold correction for the diagonalizing matrices
In this section, we explain how to calculate the SUSY threshold correction for the diagonal-
izing matrices. In this calculation, we use the eigenvalues of Yukawa matrices at the GUT
scale. Therefore, when the SUSY threshold corrections are absent, the Yukawa matrices are
diagonal matrices at any energy scales, and hence, the corresponding diagonalizing matrices
are unit matrices. There are some advantages in this setup. First one is that contributions
from the SUSY threshold corrections to the diagonalizing matrices become clear. Origins
of the SUSY threshold corrections to the diagonalizing matrices are off-diagonal parts of
SUSY parameters Aψ and m
2
ψ˜
in the super-CKM basis. If the Yukawa matrices have the
off-diagonal elements, these parts become the combination of those in the interaction basis
and the diagonalizing matrices, which leads to the contributions are unclear. The second
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advantage is that we can exclude some unfavorable contributions to the SUSY threshold
corrections. In many cases, family symmetries which show us how to realize the CKM ma-
trix are introduced with the SO(10) symmetry. However for this calculation, these family
symmetries are unfavorable because these affect and fix the diagonalizing matrices. By using
diagonal Yukawa matrices, we can remove these unfavorable contributions.
In our calculation, we use the following assumptions at the GUT scale:
M1 = M2 = M3 = M1/2 (13)
Au = A0Yˆu + δA, Ad = A0Yˆd + δA, Ae = A0Yˆe + δA,
m2q˜ = m
2
l˜
= m2u˜ = m
2
d˜
= m2e˜ = m
2
16 13×3, (14)
m2hu = m
2
10 −∆m2h, m2hd = m210 + ∆m2h,
where δA indicates the off-diagonal part of the A-terms. Note that if δA = 0, each diagonal-
izing matrix becomes the unit matrix. Since we set ∆m2h ∼ M2SUSY, there are 5 parameters
in this setup, M1/2, A0, δA, m16, and m10. In order to reduce the parameters, we take the
following assumptions: (i) the gluino mass at the SUSY scale is around MSUSY; (ii) the SUSY
scale is defined by two stop masses as MSUSY =
√
mt˜L(MSUSY)mt˜R(MSUSY). Therefore, once
we fix A0, δA, and m10 in each MSUSY case, we can determine M1/2 and m16 by (i) and
(ii), respectively. The remaining parameters can be determined so that the SUSY FCNC
and CCB constraints are satisfied and the required SUSY threshold correction are obtained.
Note that we also check whether the EWSB can be realized. Among such parameter sets,
we take the set which maximizes the A-terms and calculate the diagonalizing matrices.
After we calculate the diagonalizing matrices, we extract mixing angles by following
Eqs. (3) and (4). Moreover we compare these mixing angles and those of the measured
CKM matrices [17], which are
sCKM12 = 2.2496× 10−1, sCKM23 = 4.16× 10−2, sCKM13 = 4.09× 10−3, (15)
where the CKM matrix VCKM is defined as
VCKM ≡
1 0 00 cCKM23 sCKM23
0 −sCKM∗23 cCKM23
 cCKM13 0 sCKM130 1 0
−sCKM∗13 0 cCKM13
 cCKM12 sCKM12 0−sCKM∗12 cCKM12 0
0 0 1
 . (16)
If the diagonalizing matrices are as large as or larger than the CKM matrix, the SUSY
threshold corrections affect on the CKM matrix. In that case, the CKM matrix is obtained
by the combination of the diagonalizing matrices from the SUSY threshold corrections and
Yukawa matrices, or some cancellations are needed between the diagonalizing matrices to
realize the CKM matrix.
Since sCKM13 is smaller than the other elements, we calculate s
ψL,R
13 by setting δA as
δA =
 0 0 Aoff0 0 0
Aoff 0 0
 . (17)
8
MSUSY = 2 TeV MSUSY = 10 TeV MSUSY = 100 TeV
MGUT 1.2× 1016 GeV 7.4× 1015 GeV 3.6× 1015 GeV
g1 = g2 0.70 0.68 0.66
g3 0.70 0.69 0.67
yu 3.0× 10−6 3.0× 10−6 3.1× 10−6
yc 1.5× 10−3 1.5× 10−3 1.5× 10−3
yd 3.4× 10−4 3.4× 10−4 3.4× 10−4
ys 6.5× 10−3 6.5× 10−3 6.5× 10−3
ye 1.4× 10−4 1.3× 10−4 1.3× 10−4
yµ 2.9× 10−2 2.8× 10−2 2.8× 10−2
yt = yb = yτ 0.58 0.56 0.54
M1/2 9.3× 102 GeV 5.2× 103 GeV 5.9× 104 GeV
Amax0 −5.5× 103 GeV −2.4× 104 GeV −1.8× 105 GeV
Aoff −98 GeV −2.4× 103 GeV −1.4× 105 GeV
m16 3.9× 103 GeV 1.7× 104 GeV 2.1× 105 GeV
m10 4.9× 103 GeV 2.0× 104 GeV 2.9× 105 GeV
∆m2h/M
2
SUSY 1 0.48 1
Table 2. The input parameters at the GUT scale. In this table, we show the results of the case
where the structure of δA is Eq. (17).
In this case, we should take care about the SUSY FCNCs, especially Bd-Bd mixing and
τ → eγ. The details of calculations and constraints for these processes are summarized in the
Appendix B. In the other case of δA, the contributions to the corresponding diagonalizing
matrices are expected to be small due to the largeness of sCKMij and/or the SUSY FCNC
constraints.
4 Results
The input parameters which satisfies the constraints and realizes the required SUSY thresh-
old correction simultaneously are shown in Table 2. Here, Amax0 is the maximal value of A0
which satisfies the CCB constraints. Note that the value of ∆m2h for MSUSY = 10 TeV should
be smaller than M2SUSY. We will explain this issue later. By using these input parameters,
we can calculate the mixing angles for Lψ and Rψ. We show the results in Table 3. From
these results, we found that sqL,R13 (q = u, d) can be as large as s
CKM
13 when MSUSY becomes
large. This is because the SUSY FCNC constraints become weak in large MSUSY case, and
therefore, we can take large Aoff . In this case, however, a strong cancellation between |m2hu |
and m2hd is needed to realize the EWSB.
In order to specify that our input parameters realize the maximal size of sψL,R13 , we show
the parameter spaces for sdL13 in each MSUSY case in Figs. 2 and 3. We checked that the
situation is same for the other mixing angles. The vertical axis is the mixing angles of Ld, and
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MSUSY 2 TeV 10 TeV 100 TeV
Lu −0.27 −1.5 −8.2
Ru −0.25 −1.4 −7.8
Ld 0.27 1.8 9.6
Rd 0.54 3.6 17
Le −0.052 −0.34 −1.2
Re −0.12 −0.81 −2.8
Table 3. The results of sψL,R13 in 10
−3 unit for each case of MSUSY.
0.000 0.005 0.010 0.015
0.00
0.05
0.10
0.15
0.20
0.25
0.30
rA
s 1
3dL
[10-3
]
MSUSY = 2 TeV, Δmh2 = MSUSY2
0.7835 0.7840 0.7845 0.7850 0.7855 0.7860
9.55
9.60
9.65
9.70
rA
s 1
3dL
[10-3
]
MSUSY = 100 TeV, Δmh2 = MSUSY2
Figure 2. The parameter spaces allowed by the EWSB and SUSY FCNC constraints in (rA, s
dL
13 )
plane. The magenta and gray shaded regions show the EWSB and SUSY FCNC constraints,
respectively. The red, green, blue, and purple lines show the examples of prediction with different
value of m210, which correspond to rh = 1.6, 1.605, 1.61, and 1.615 in the left panel and 1.843,
1.844, 1.845, and 1.846 in the right panel. The black dashed line shows the relation between sdL13
and rh in each rA, which realizes the required SUSY threshold correction.
the horizontal one is the ratio of Aoff and A
max
0 at the GUT scale, which is denoted as rA. The
magenta and gray shaded regions show the EWSB and SUSY FCNC constraints, respectively.
The red, green, blue, and purple lines show the examples of prediction with different value
of rh ≡ m210/m216 at the GUT scale. The black dashed line indicates the relation between
sdL13 and rh in each rA, which realizes the required SUSY threshold correction for yb. This
means that the predicted ∆yb is larger (smaller) than the required one above (below) the
black dashed line. Note that we set ∆m2h = M
2
SUSY in Fig. 2, while ∆m
2
h = 0.48M
2
SUSY in
Fig. 3. This is because ∆m2h < M
2
SUSY is needed for the parameter space that satisfies the
EWSB and SUSY FCNC constraints and realizes the required SUSY threshold correction
simultaneously when MSUSY = 10 TeV. We found that such parameter space can be obtained
when ∆m2h . 0.48M2SUSY, and then, we set ∆m2h = 0.48M2SUSY. On the other hand, we can
obtain the parameter space in MSUSY = 2, 100 TeV case even when ∆m
2
h = M
2
SUSY since one
of the EWSB and SUSY FCNC constraints is irrelevant in these cases.
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0.00 0.02 0.04 0.06 0.08 0.10
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s 1
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Figure 3. The parameter space allowed by the EWSB and SUSY FCNC constraints in (rA, s
dL
13 )
plane. The color plots show the same meanings as in Fig. 2. In this figure, the red, green, blue,
and purple lines correspond to rh = 1.42, 1.44, 1.46, and 1.48, respectively.
From these figures, we can know which constraints determine the maximal value of sdL13 .
For MSUSY = O(1) TeV case, the SUSY FCNC constraints become the severest one and
determine sdL13 . Note that the EWSB constraints in this case can be satisfied in a wide
area of parameter space. In contrast, the SUSY FCNC constraints become weaker and
are irrelevant to the significant area for MSUSY & O(100) TeV case. However, the EWSB
constraints become severe because of the large values of |m2hu | and |m2hd |. This means that a
strong cancellation between |m2hu| and m2hd is needed, and therefore, the allowed parameter
space is constrained by the EWSB constraints. Interestingly, these constraints determine
the size of sdL13 ' 9.63 × 10−3 in our setup when the required SUSY threshold correction is
obtained. In the middle MSUSY case, like MSUSY = 10 TeV, both constraints relate to the
maximal value of sdL13 , as shown in Fig. 3.
It is notable that in our setup, the obtained mixing angles through the SUSY threshold
corrections are related with each other due to the SO(10) unification. This means that some
of the predictions of FV process can be calculated once one of the predictions of the process
are given. Therefore, we may be able to obtain the specific predictions and can test the
models by the experiments.
Finally, we comment on the SM fermion masses. Since we do not consider the SUSY
threshold corrections for yt and yτ when we obtain the required SUSY threshold correction
for yb and tan β, the predictions of yt and yτ are expected to slightly deviate from the
experimental values. We found that the deviation of the top Yukawa coupling is O(1) % or
less, while that of τ Yukawa coupling is about 3 ∼ 4 %. Note that the deviation of bottom
Yukawa coupling should be small since we find the parameters for realizing the required
SUSY threshold correction. The result for its deviation is less than 0.1 %, as expected.
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5 Conclusion
In this paper, we considered the model with the Yukawa unification inspired by the SO(10)
GUT. In this model, we investigated the maximal size of the mixing angles of diagonalizing
matrices for the Yukawa matrices, originated from the off-diagonal parts of SUSY threshold
corrections. We need large off-diagonal parts of A-terms to obtain the sizable SUSY threshold
corrections. However, these parts are constrained by the SUSY FCNC processes. Moreover,
the CCB constraints also relate to the maximal value of A-terms. Therefore, we can estimate
the maximal contributions to the mixing angles from the SUSY threshold corrections by using
these constraints.
We firstly found the required SUSY threshold correction and tan β for realizing the
Yukawa unification. As reported in the other papers, the large tan β ∼ 50 and enough size
of ∆yb are needed. We emphasize that required size of ∆yb is smaller than the maximal
one when MSUSY ≤ 100 TeV. Therefore, we can obtain required ∆yb by choosing the input
parameters at the GUT scale.
Next, we showed the results for the sψL,R13 because this element has a possibility to reach
the size of corresponding element of the CKM matrix, sCKM13 . As a result, we found that
sqL,R13 (q = u, d) can be comparable to s
CKM
13 when MSUSY > 10 TeV. If the SUSY scale is
O(1) TeV, the off-diagonal parts of A-terms cannot be large because of the SUSY FCNC
constraints. Therefore, the results for sqL,R13 are about one order of magnitude smaller than
sCKM13 . On the other hand, MSUSY = 100 TeV case is free from such constraints and predicts
large sqL,R13 , although the EWSB constraints become severe. For MSUSY = O(10) TeV case,
both constraints are relevant to the maximal values of sqL,R13 , and therefore, we have to find
the appropriate value of ∆m2h to satisfy these constraints.
Importantly, the mixing angles obtained from the SUSY threshold corrections are related
with each other when one considers the SO(10) unification as in our setup. Therefore, if one
of the FV processes is confirmed, the contributions to the other processes can be calculated,
and we can test the models by the (future) experiments. In addition, if some experimental
results of the FV process can be explained by these contributions, we may be able to obtain
the signature of the SO(10) unification. Furthermore, if the CKM matrix is realized by
the other contributions in GUT models, we may find the contribution of the unification
according to our results, although it deviates by the RGE effects.
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A SUSY threshold corrections
To calculate the SUSY threshold corrections, chirality-flipping self-energies ΣψLR are impor-
tant, which are calculated in Ref. [14] in the decoupling limit MSUSY  v. We can divide
ΣψLR for ψ = u, d, e as
ΣuLR = Σ
ug˜
LR + Σ
uχ˜0
LR , (18)
ΣdLR = Σ
dg˜
LR + Σ
dχ˜0
LR + Σ
dχ˜±
LR , (19)
ΣeLR = Σ
eχ˜0
LR + Σ
eχ˜±
LR . (20)
Each part of Eqs. (18), (19), and (20) can be calculated by considering loop contributions
from sfermions and fermionic partners of gauge and Higgs bosons. Therefore, we need to
diagonalize the sfermion mass squared matrices, shown in Eqs. (7), (8), and (9). For this
calculation, we consider the effective Lagrangian within a decoupling limit MSUSY  v,
and hence, we neglect the chirality-flipping elements ∆ψLR and ∆
ψ
RL. Then the diagonalizing
matrices for sfermion mass squared matrices, denoted as Uψ˜, can be defined by
Uψ˜Mˆ
2
ψ˜
U †
ψ˜
= Mˆ2
ψ˜ diag
= diag
(
m2
ψ˜L1
,m2
ψ˜L2
,m2
ψ˜L3
,m2
ψ˜R1
,m2
ψ˜R2
,m2
ψ˜R3
)
, Uψ˜ ≡
(
UL
ψ˜
0
0 UR
ψ˜
)
.
(21)
For convenience, we introduce
(ΛψΓm )ij = (U
Γ †
ψ˜
)im(U
Γ
ψ˜
)mj, (22)
where Γ = L, R is the chirality. We summarize the chirality-flipping self-energies by using
these parameters.
The chirality-flipping self-energies from gluino contribution are
(Σdg˜LR (mn))il =
2αs
3pi
(−M3)(ΛdLm )ij(∆dLR)jk(ΛdRn )klC0(|M3|2, m2d˜Lm , m
2
d˜Rn
), (23)
(Σug˜LR (mn))il =
2αs
3pi
(−M3)(ΛuLm )ij(∆uLR)jk(ΛuRn )klC0(|M3|2, m2u˜Lm , m2u˜Rn), (24)
(Σψg˜LR)ij =
3∑
m,n=1
(Σψg˜LR (mn))ij, (25)
where C0(m
2
1, m
2
2, m
2
3) is the loop function defined as
C0(m
2
1, m
2
2, m
2
3) =
m21m
2
2 ln
m21
m22
+m22m
2
3 ln
m22
m23
+m23m
2
1 ln
m23
m21
(m21 −m22)(m22 −m23)(m23 −m21)
. (26)
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The chirality-flipping self-energies from neutralino contribution are
(Σeχ˜
0
LR (mn))il =
1
16pi2
4g21(−M1)(ΛeLm )ij(∆eLR)jk(ΛeRn )klC0(|M1|2, m2e˜Lm , m2e˜Rn), (27)
(Σeχ˜
0
LR (m))ij =
1
16pi2
[
1√
2g2
MW sin β(Yˆe)jj(Λ
eL
m )ij
{
g22(−M2)µC0(|M2|2, |µ|2, m2e˜Lm)
− 4g21(−M1)µC0(|M1|2, |µ|2, m2e˜Lm)
}
+ 4g21
√
2MW sin β
g2
(−M1)µ(Yˆe)ii(ΛeRm )ijC0(|M1|2, |µ|2, m2e˜Rm)
]
, (28)
(Σdχ˜
0
LR (mn))il =
1
16pi2
(
−1
9
)
4g21(−M1)(ΛdLm )ij(∆dLR)jk(ΛdRn )klC0(|M1|2, m2d˜Lm , m
2
d˜Rn
), (29)
(Σdχ˜
0
LR (m))ij =
1
16pi2
[
1√
2g2
MW sin β(Yˆd)jj(Λ
dL
m )ij
{
g22(−M2)µC0(|M2|2, |µ|2, m2d˜Lm)
+
1
3
4g21(−M1)µC0(|M1|2, |µ|2, m2d˜Lm)
}
+
1
3
4g21
√
2MW sin β
g2
(−M1)µ(Yˆd)ii(ΛdRm )ijC0(|M1|2, |µ|2, m2d˜Rm)
]
, (30)
(Σuχ˜
0
LR (mn))il =
1
16pi2
2
9
4g21(−M1)(ΛuLm )ij(∆uLR)jk(ΛuRn )klC0(|M1|2, m2u˜Lm , m2u˜Rn), (31)
(Σuχ˜
0
LR (m))ij = 0, (32)
(Σψχ˜
0
LR )ij =
3∑
m,n=1
(Σψχ˜
0
LR (mn))ij +
3∑
m=1
(Σψχ˜
0
LR (m))ij, (33)
where MW is the W boson mass and gi is the gauge coupling with GUT notation.
The chirality-flipping self-energies from chargino contribution are
(Σdχ˜
±
LR (mn))ij = −
(Yˆd)jj
16pi2
µ
{
(V †CKM)i3(Λ
dL
m )33(VCKM)33(∆
u ∗
LR)33(Λ
uR
n )33(Yˆu)33δ3j
× C0(|µ|2, m2u˜Lm , m2u˜Rn)
}
, (34)
(Σdχ˜
±
LR (m))ij =
(Yˆd)jj
16pi2
µ
{√
2g2MW sin β(−M2)(ΛdLm )ijC0(m2d˜Lm , |µ|
2, |M2|2)
}
, (35)
(Σeχ˜
±
LR (mn))ij = 0, (36)
(Σeχ˜
±
LR (m))ij =
(Yˆe)jj
16pi2
µ
{√
2g2MW sin β(−M2)(ΛeLm )ijC0(m2e˜Lm , |µ|2, |M2|2)
}
, (37)
(Σψχ˜
±
LR )ij =
3∑
m,n=1
(Σψχ˜
±
LR (mn))ij +
3∑
m=1
(Σψχ˜
±
LR (m))ij. (38)
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Note that we neglect the chargino contributions to up-quark self-energies (Σuχ˜
±
LR )ij since these
contributions are not tan β-enhanced ones.
At the SUSY scale, the above corrections are added to the fermion mass matrices as
(m
(0)
ψ )ij ≡ mˆψ iδij + (ΣψLR)ij. (39)
Then, the chirality-flipping self-energies ΣψLR and the SUSY threshold corrections ∆yψ de-
fined in Eq. (11) have following relations:
∆yt = −(ΣuLR)33/(v sin β), ∆yb, τ = −(Σd, eLR)33/(v cos β). (40)
B Constraints on the SUSY contributions
In this Appendix, we summarize the constraints on the SUSY contributions from the SUSY
FCNC and CCB constraints.
First, we will show the SUSY FCNC constraints. For the squark sector, the upper bounds
on SUSY contributions are mainly come from the constraints of the neutral meson mixing.
This can be calculated by the general forms which can be found in Ref. [28], using the MIPs.
In our calculation, Bd-Bd mixing is important. In order to check the experimental bounds,
it is useful to define the following variables:
CBde
2iφBd ≡ 〈B
0
d|Htoteff |Bd
0〉
〈B0d|HSMeff |Bd
0〉
= 1 +
〈B0d|HNPeff |Bd
0〉
〈B0d|HSMeff |Bd
0〉
, (41)
where HSM,NPeff is the effective Hamiltonian of the SM and the MSSM, respectively. In this
notation, CBd and φBd are related to the observables as
∆MBd = CBd∆M
SM
Bd
, sin 2βd = sin
(
2βSMd + 2φBd
)
, (42)
where ∆MBd is the mass difference of Bd meson and 2βd is the phase of 〈B0d|Htoteff |Bd
0〉. For
the bounds of CBd and φBd , and the SM prediction of β
SM
d , we use results of the UTfit
collaboration [29]: 0.83 ≤ CBd ≤ 1.29 and −6.0◦ ≤ φBd ≤ 1.5◦ with 2σ level, and sin 2βSMd =
0.738.
The upper bounds on the SUSY contributions in slepton sector are mainly come from
the constraints of li → ljγ process. The branching ratio of this process can be calculated by
chargino and neutralino contributions as
BR(li → ljγ) = α
4
(
m5li
Γli
)[
|(ALij)|2 + |(ARij)|2
]
. (43)
(ALij) and (A
R
ij) can be estimated by the mass insertion approximation, and these expressions
can be found in Ref. [30]. Note that the current experimental upper bounds of BR(li →
ljγ)exp are summarized in Ref. [17]: BR(µ→ eγ) < 4.2× 10−13, BR(τ → eγ) < 3.3× 10−8,
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and BR(τ → µγ) < 4.4× 10−8. We emphasize that the bound of τ → eγ is satisfied in our
calculation, even when MSUSY = 2 TeV.
In addition to above constraints, there are CCB constraints, which can be read as [15]
|(Aˆu)ij|2 ≤ (Yˆu)kk
(
m2u˜Li +m
2
u˜Rj
+m2hu
)
, (44)
|(Aˆd)ij|2 ≤ (Yˆd)kk
(
m2
d˜Li
+m2
d˜Rj
+m2hd
)
, (45)
|(Aˆe)ij|2 ≤ (Yˆe)kk
(
m2e˜Li +m
2
e˜Rj
+m2hd
)
, (46)
where k = max(i, j). Note that because of the sfermion mass spectrum, the bound for (Aˆψ)33
is stronger than the other ones.
C Maximal SUSY threshold correction
In Fig. 1, we showed the required SUSY threshold correction to realize SO(10) Yukawa
unification. Another important issue is whether the maximal SUSY threshold correction can
be larger than the required one. The SUSY threshold corrections for the bottom Yukawa
coupling mainly come from the gluino contribution:
∆yb ' −2
3
αs
pi
M3(−ab + µyb tan β)C0(|M3|2,m2b˜L ,m
2
b˜R
), (47)
where m2
b˜L
= m2
d˜L3
and m2
b˜R
= m2
d˜R3
. Similar notations for m2
t˜L,R
and m2τ˜L,R are used. In this
paper, the SUSY scale is defined as
MSUSY =
√
mt˜L(MSUSY)mt˜R(MSUSY) (48)
and the gluino mass M3 = MSUSY at MSUSY. Hereafter, we also assume m
2
b˜L
= m2
t˜L
and
m2
t˜L
+ m2
t˜R
= 2M2SUSY for simplicity. As one can know from Eq. (47), the large negative ab
and large positive µ are important to maximize |∆yb|.
However, |ab| and µ have upper limits which come from the CCB and EWSB constraints.
The maximal value of |ab| can be estimated as
√
yb(m2b˜L
+m2
b˜R
+m2hd), according to Eq. (45).
On the other hand, that of µ is complicated because µ depends on the MSSM Higgs mass
parameters, m2hu and m
2
hd
, through the tree-level condition to have the EWSB minimum in
the Higgs potential [31]
|µ|2 = m
2
hd
−m2hu tan2 β
tan2 β − 1 −
m2Z
2
. (49)
Note that the EWSB can be occurred when the following conditions are satisfied:
m2hu + |µ|2 < 0, m2hd + |µ|2 > 0, and 2|µ|2 +m2hu +m2hd > 0. (50)
Therefore, in the following discussion, we assume the case with m2hu < 0 to satisfy the first
inequality of Eq. (50).
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From Eq. (47), ∆yb is dominated by the contribution from µ because of the large tan β
enhancement. Therefore, we first discuss the maximal value of µ which satisfies the CCB
and EWSB constraints. It is clear that m2hu is important to obtain the maximal value of µ.
Note that the effect of ab is discussed later.
The maximal value of |m2hu | is m2t˜L +m2t˜R = 2M2SUSY from the CCB constraint of |(Aˆu)33|.
Although the large m2hd is needed to maximize µ, the EWSB constraints cannot be satisfied
with |m2hu| = 2M2SUSY in the large MSUSY when m2hd > 0. This can be understood from
Eqs. (49) and (50). By combining these equation and inequalities, we can obtain following
inequalities:
tan2 β − 1
tan2 β + 1
m2Z < |m2hu|+m2hd <
m2Z
2
(
tan2 β − 1) . (51)
Then, a large |m2hu| needs a small m2hd in order to satisfy the right part of the inequalities.
This means that m2hd becomes negative when MSUSY &Mth where Mth ≡ mZ2
√
tan2 β − 1 ≈
2.25 TeV when tan β ≈ 50. As a result, the values of |m2hu| and m2hd which maximize µ are
|m2hu| = 2M2SUSY, m2hd =
m2Z
2
(
tan2 β − 1)− 2M2SUSY, (52)
and the maximal µ can be obtained from Eq. (49) as
µmax =
√
|m2hu| =
√
2MSUSY. (53)
In this case, the CCB constraint of Aˆu is |(Aˆu)ij|2 ≤ 0, which leads to |(Aˆu)33| = |at| = 0.
However, that of |ab| is
|ab|2 ≤ (Yˆb)33
[
m2
b˜L
+m2
b˜R
+
m2Z
2
(
tan2 β − 1)− 2M2SUSY]
= yb
[
m2Z
2
(
tan2 β − 1)+ δm2bt] , (54)
where δm2bt ≡ m2b˜L +m
2
b˜R
−2M2SUSY = m2b˜R−m
2
t˜R
. Note that δm2bt is positive since m
2
b˜R
> m2
t˜R
is realized at the SUSY scale through the MSSM RGE. We found that δm2bt ∼ 0.08M2SUSY in
our calculation. Therefore, the maximal value of |ab| is
|ab|max =
√
yb
[
m2Z
2
(tan2 β − 1) + δm2bt
]
. (55)
We emphasize that Eq. (55) is obtained by assuming that the contribution from µ to ∆yb
is dominated. In order to check this and to see the dependence of ab, we also consider the
case where |ab|max is the following expression:
|ab|max =
√
yb
[
m2Z
2
(tan2 β − 1) + δm2bt +M2
]
. (56)
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Figure 4. The MSUSY dependence of the required and maximal SUSY threshold corrections. The
blue line shows the required SUSY threshold correction for realizing the SO(10) Yukawa unification.
The red lines show the maximal SUSY threshold corrections with different values of M2. The thick
red line which is the case with M2 = 0 corresponds to the maximal SUSY threshold correction in
the range of 0 ≤M2 < 2M2SUSY.
Here, M2 ≥ 0 is a parameter for taking |ab|max to be large. This modification can be justified
by changing m2hu and m
2
hd
as
m2hu = −2M2SUSY +M2, m2hd =
m2Z
2
(
tan2 β − 1)− 2M2SUSY +M2 (57)
without conflicting with the CCB and EWSB constraints. Note that since m2hu < 0 is needed
for the correct EWSB, the range for M2 is 0 ≤M2 < 2M2SUSY. This modification affects the
value of µmax through m
2
hu
: µmax =
√
|m2hu | =
√
2M2SUSY −M2.
By using above expressions for m2hu , m
2
hd
, and ab, we can calculate the maximal value
of ∆yb in each MSUSY. We show the results in Fig. 4. The blue line shows the required
SUSY threshold correction for realizing the SO(10) Yukawa unification, while the red ones
show the maximal SUSY threshold corrections with different values of M2, calculated from
the above discussion. The thick red line which is the case with M2 = 0 corresponds to the
maximal SUSY threshold correction in the range of 0 ≤M2 < 2M2SUSY. Here, we assume that
M3 = MSUSY as in our setup, C0(|M3|2,m2b˜L ,m
2
b˜R
) = − 1
2M2SUSY
, and δm2bt = 0.08M
2
SUSY. The
second assumption is valid when m2
b˜L,R
'M2SUSY. Note that δm2bt is not important to obtain
the maximal value of ∆yb unless this is enough large to compete the other contributions. We
found that δm2bt is less than 0.1M
2
SUSY in our calculation since we use the universal sfermion
mass as the input at the GUT scale.
We can find important results from Fig. 4. First, the maximal SUSY threshold correction
is larger than the required one when MSUSY ≤ 100 TeV, and then, we can find the parameter
set which realizes the required SUSY threshold correction. Second, the maximal SUSY
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threshold correction decreases when M2 becomes large. This means that ∆yb is dominated
by the contribution from µ, as one can understand from the plot with M2 = 2M2SUSY case,
namely, µmax = 0 case. Therefore, we can obtain the required SUSY threshold correction
from the appropriate values of m2hu and m
2
hd
. Third, as the SUSY scale increases, the
required SUSY threshold correction increases, while the maximal SUSY threshold correction
decreases. This is because the rough expression for the maximal value of ∆yb is
∆yb ∼ −2
3
αs
pi
MSUSY
(√
2MSUSYyb tan β
)(− 1
2M2SUSY
)
∝ αsyb tan β, (58)
and this combination becomes small when the SUSY scale become high. Therefore, we can
expect that there is an intersection point between the required and maximal SUSY threshold
corrections. This means that there is an upper bound on the SUSY scale when we consider
the SO(10) Yukawa unification, although its bound is expected to be far above MSUSY = 100
TeV.
Finally, we comment on the situation in which we do not consider in the above discussion.
If m2τ˜L + m
2
τ˜R
< 2M2SUSY − m
2
Z
2
(tan2 β − 1) due to the small m2τ˜R through the MSSM RGE,
the maximal value of |m2hd| is m2τ˜L +m2τ˜R from the CCB constraint of (Aˆe)33 when m2hd < 0.
In this case, the maximal value of |m2hu | is modified as
|m2hu | = m2τ˜L +m2τ˜R +
m2Z
2
(
tan2 β − 1) (59)
in order to satisfy the EWSB constraints. This is smaller than 2M2SUSY, and therefore,
the maximal value of µ is also smaller than the above case. Note that in this case, since
|ab|max =
√
yb δm2bτ where δm
2
bτ ≡ m2b˜L + m
2
b˜R
− (m2τ˜L +m2τ˜R) < 2M2SUSY, we can safely
ignore the contribution from ab, according to the above results. Therefore, we can obtain
the maximal ∆yb from Fig. 4 straightforwardly. For example, when |m2hu | ' 1.5M2SUSY,
predicted value of ∆yb is around the red line with M
2 = 0.5M2SUSY. However, m
2
τ˜L
+m2τ˜R is
not far below 2M2SUSY because of the input parameter at the GUT scale. Therefore, we can
conclude that the maximal SUSY threshold correction is always larger than the required one
when MSUSY ≤ 100 TeV.
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